







In recent years, serious efforts are carried out to reduce 
energy consumption in the building sector. Particularly, the 
importance of reduction in energy consuming is so essential 
that the European Commission established to reduce 20% of 
energy consumption by 2020 and 30% reduction in energy 
consumption by 2030 [1-3]. 
The reduction of energy consumption in light-wall 
buildings can be obtained from a proper analysis of the 
transient thermal behavior aimed at two tasks. The first 
objective is the peak-shaving of the thermal loads and the 
second one is the exploitation of the occurrence of the daily 
reversals of heat flow rate, which take place in some climatic 
conditions [4-8]. On this purpose, any model that is aimed to 
describe the transient behavior of a building, especially in 
summer and intermediate seasons, must adopt a precise 
model for hourly solar radiation as well as an hourly 
variation of environmental temperature, because it represents 
the major heat load and it is subject to the higher fluctuations. 
The effect of smoothing and delaying heat waves depends 
on the capability of the building structure to act as a thermal 
storage and this attribute is particularly low in light-weight 
buildings [9]. In addition, the application of light insulation 
with high apparent thermal capacity could be very useful for 
this kind of constructions. 
Climatic data are usually available as total solar radiation, 
but for this kind of studies, the separate contributions of 
direct and diffuse solar radiation are needed. For this reason, 
it is important to use a reliable model, which infers the 
fraction of the direct component of the solar radiation and the 
diffuse one, separately, starting from data about the total 
radiation on a horizontal plane. Several papers describe the 
calculation of the sun angle that is needed for the successive 
calculation of the detailed solar radiation. Bivona et al. 
obtained a common expression for evaluating the global and 
diffuse radiations on horizontal surfaces. They found that a 
Gaussian distribution with two parameters, which takes into 
account the asymmetries between morning and afternoon 
hours, properly fits experimental data of six actinometrical 
stations with different geographical location and climatic 
conditions. This method is accurate for both the diffuse and 
global radiation [10]. 
Boland et al. developed a model in order to determine the 
influence that the smoothing due to the use of hourly data 
(instead of 15-minute data) has on the results. The model was 
carried out utilizing data from Australian locations, to explain 
some of the substantial scatter by adding apparent solar time 
as a predictor, which showed to be significantly better than 
solar altitude [11]. 
Erbs et al. performed TRNSYS simulations to calculate the 
yearly performance of solar energy systems, using several 
different correlations for diffuse solar radiation. They 
developed a correlation for seasonally dependent periodic 
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The authors present a dynamic simulation of the thermal behavior of a multilayer plane wall, integrated with 
Phase Change Materials (PCMs), exposed to solar radiation in summer conditions, in a Mediterranean site. 
PCMs are a promising kind of heat storage materials that are particularly good in some climatic conditions: if 
properly placed, they can decrease heat flux through the walls, thus reducing cooling loads in buildings. Due 
to their strong non-linearity in thermal behavior, PCMs must be carefully modeled, possibly in transient 
conditions. The dynamic model consists of two main distinct parts. First, a solar radiation model is 
implemented, based on the daily evolution of the solar angles. This solution uses the results of a novel simple 
model for splitting the diffuse and the direct solar radiation starting from data on total radiation on a 
horizontal surface only. Then, solar radiation is used as a boundary condition for the dynamic modeling of a 
typical multilayer lightweight wall provided with one insulation layer integrated by PCMs. The calculated of 
solar effect and cooling loads are studied for three different melting temperatures of the PCMs. 
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diffuse radiation. Their work showed that the results, 
obtained thanks to their approximated correlation for diffuse 
radiation, resulted in a negligible error, in comparison with 
the ones related to the random distribution of the hourly 
diffuse fraction [12]. 
Skartveit et al. developed an analytical system for 
assessing the hourly diffuse fraction of global irradiance, 
which has been validated in a snow-free area close to sea 
level, in Norway [13]. 
Jin et al. made a research to figure out the effects of PCM 
location on the thermal performance of building walls, the 
effects of the state (not-melted, the partially-melted and the 
fully-melted) of a particular kind of salt hydrate PCM on its 
phase change performance by differential scanning 
calorimeter tests, and also made cooling experiments. The 
experimental results showed that PCM state had great effects 
on the degree of supercooling and on the phase change 
performance of PCM. When the PCM was in the 
partially-melted state before cooling, it was able to release 
the latent heat quickly, while when the PCM was in the 
fully-melted state before cooling, its degree of supercooling 
was large. Because the temperature ranges of the PCM 
during the thermal cycles were different when the PCM was 
placed in different locations on the wall, the PCM location 
had significant effects on its state, and as a result, on the 
phase change performance of PCM and the thermal 
performance improvement of building walls [14]. 
The application of PCMs, embedded in an insulation layer 
of a wall, is particularly effective in those periods of the year 
in which the oscillation of the external temperature is near to 
their melting/solidification temperature.  
As the solar radiation plays an important role on the 
energy in the building envelope, therefore, finding the impact 
of solar radiation helps to increase the efficiency of walls 
throughout the building [15-17]. This paper deals with the 
effect of solar radiation on south-exposed walls including a 
layer of PCMs in the wallboard. In addition, in order to 
evaluate the impact of the melting temperature, the result 
obtained by the different melting temperature of PCMs.  
Finally, the numerical model is used to evaluate a set of 
different wall configurations, with PCMs placed in different 
positions, with daily oscillation temperatures, to find the 
most convenient position.  
2. SOLAR RADIATION CALCULATION  
According to ASHRAE [18, 19], the total solar irradiation 
(It) on a surface is the sum of the direct (ID), diffuse (Id) and 
ground-reflected (Ir) irradiance of the surface, as in Eq. (1): 
 
𝐼𝑡 = 𝐼𝐷 + 𝐼𝑑 + 𝐼𝑟                                                                    (1) 
 
The amount of solar irradiance is determined based on 
some solar angles and solar time. The Solar Time is 
calculated using Eq. (2): 
 
𝑆𝑇 = 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑡𝑖𝑚𝑒 +
1
15
(𝐿𝑠𝑡 − 𝐿𝑙𝑜𝑐) + 𝐸                       (2) 
 
where Lst and Lloc are standard meridian for the local time 
zone and longitude of the location, respectively. 
The equation of time is defined by Duffie and Beckman 
[20]: 


















The solar altitude (β) is calculated as: 
 
sin𝛽=cos𝐿 cos𝛿 cos𝐻+sin𝐿 sin𝛿                                       (4) 
 
where, L and 𝛿 are latitude angle and solar declination angle, 
respectively. 
 
𝛿 = 23.45 𝑠𝑖𝑛 {
[360(284+𝑛)]
365
}                                              (5) 
 
Also, H is solar hour angle: 
 
H=15(𝑆𝑇−12)                                                                  (6) 
 
The solar incidence angle θ, Eq. (7), is the angle between 
the sun and the normal to the surface also the incidence angle 
is zero for the horizontal surfaces. The angles displayed in 
Figure 1 are related to the earth-sun angles with the following 




Figure 1. Solar angles [10] 
 
cos 𝜃 = sin 𝐿 sin 𝛿 𝑐𝑜𝑠𝜎 − cos 𝐿 sin 𝛿 sin 𝜎 cos ψ
+ cos L cos δ cos H cos σ
+ sin L cos δ cos H sin σ cos ψ
+ cos δ sin H sin σ sin ψ 
(7) 
 
where L is latitude angle, the north or south angular location 
of the equator, north positive −90° ≤ 𝐿 ≤ 90°.  
Eventually: 
  
cos 𝜃 = cos β cos γ sin σ + sin β cos 𝜎  
 
γ = 𝜑 −  ψ 
(8) 
cos 𝜑 = ( sin β sin 𝐿 − sin δ)/ (cos β cos 𝐿)  (9) 
 
In order to investigate the position and angles of sun a 
numerical model of solar radiation on the building is 
developed. Figure 2 shows the position of the sun, including 
altitude and azimuth angles, on the first day of each summer 
month. It can be seen that in Wurzburg the maximum altitude 
of the sun is obtained on July 1st, while the minimum amount 
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of altitude is estimated on September 1st, notwithstanding that 




Figure 2. Wurzburg sun position 
The solar irradiance is calculated taking into account all 
the solar angles, with the method described hereafter.  
For the direct irradiance on a surface, according to [16]: 
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The diffuse irradiance Id for the tilt surfaces by the 





𝐼𝑑(0)(1 + cos σ)                                                     (11) 
 
where Id(0) diffuse on horizontal surfaces. 
Finally, the ground-reflected irradiance Ir is calculated by 
the isotropic algorithm as:  
 
𝐼𝑟 = 𝐼𝑡(0)𝜌𝑔 (
1−𝑐𝑜𝑠σ
2
)                                                        (12) 
 
where It(0) is global horizontal irradiance and ρg is ground 
reflectivity, often taken to be 0.2 for a typical mixture of 
ground surfaces. 
 
The total solar radiation on different tilted and vertical 
surfaces of the building is the total sum of solar radiation 
coming on different surfaces (each wall and roof) of the 
building. Total solar radiation on the tilted surface of the 
building is estimated for all the segments of the building, 
using the previous equations, as the sum of the different 
contributions. Thus, the total solar radiation available on the 
building envelope is given by: 
 
𝑆𝑡 = ∑ 𝐴𝑖𝐼𝑖
𝑛
𝑖=1                                                                     (13) 
 
where Ai and Ii are the surface area of the ith wall and the total 
solar radiation (W/m2) available on the ith wall. In the simple 
case in which the building is aligned with cardinal points the 
hourly total solar radiation is given by [16]: 
 
𝑆𝑡 = 𝐴𝑁𝐼𝑁 + 𝐴𝐸𝐼𝐸 + 𝐴𝑆𝐼𝑆 + 𝐴𝑊𝐼𝑊                                   (14) 
 
where N, E, S and W indicates the walls oriented to the North, 
East, South and West. 
3. PHASE CHANGE MATERIAL 
Analyzing the existing literature on the dynamic 
simulation of PCMs insulation layers was found that it is not 
easy to get accurate results with conventional models for 
specific heat that do not consider the different behavior 
during cooling and during heating processes, linked to daily 
fluctuations of temperature. It has been found [21-23] that 
there is a sort of hysteresis in the enthalpy-temperature 
characteristic curve. This complex thermodynamic behavior 
is related to a metastable state of super cooling of PCMs and 
3D distribution of the thermal field through the layer. In 
unsteady conditions, the embedded capsules of PCMs 
produce a perturbation of the one-dimensional thermal field 
and this determination is not a univocal link between the 
average temperature of the material and its physical state. In 
order to describe the sort of hysteresis in the transient thermal 
behavior, it is possible to represent this phenomenon using 
two distinct temperature-enthalpy curves, for melting and 
solidification. 
The heat storage capacity of the PCMs is implemented by 
a temperature dependent heat capacity. The following values 
of cp(T) are applied instead of a constant specific heat, in the 
case of a PCMs layer:  
 
𝑇 < 𝑇𝑙𝑜𝑤                𝑐𝑝 (𝑇) = 𝑐𝑝
𝑠𝑜𝑙𝑖𝑑  
𝑇𝑙𝑜𝑤 ≤ 𝑇 ≤ 𝑇𝑢𝑝   𝑐𝑝 (𝑇) = 𝑓(𝑇) 
𝑇 > 𝑇𝑢𝑝                  𝑐𝑝 (𝑇) = 𝑐𝑝
𝑙𝑖𝑞𝑢𝑖𝑑
 
                          (15) 
 
where Tlow and Tup are the starting and ending temperature of 
the phase change respectively. cpsolid and cpliquid are constant 
values, while f(T) can be an arbitrary function for the 






















Figure 7. cp of PCM Energain® board 
The following form of cp curve is utilized to develop the cp 
of PCMs, for cooling and heating: 
 








                           (16) 
 
The curve of cp function is developed from the fitting 
curves to the experimental curves of enthalpy-temperature 
[24, 25]. It is worth noting some features of this kind of cp 
curves. The coefficient a1 is the mean value between the cp of 
the solid and liquid phases and the coefficient a2 is half- 















                      (17) 
 
cp curves must fulfill to some further constraints, which are 
related to “congruity” reason, that are described in the 
following paragraph. There must not be any hysteresis in the 
ranges far from the phase changes, sub cooling, and 
superheating. In addition, it should be a single bijective 
relation between temperature and enthalpy. These constraints 
lead to a further cross-link between the coefficients of the 
two distinct cp curves used for heating and cooling. 
It must be:  
 
𝑎5𝐶𝑜𝑜𝑙𝑖𝑛𝑔 ∙ 𝑎7𝐶𝑜𝑜𝑙𝑖𝑛𝑔 = 𝑎5𝐻𝑒𝑎𝑡𝑖𝑛𝑔 ∙ 𝑎7𝐻𝑒𝑎𝑡𝑖𝑛𝑔                      (18) 
 
The two different curves of cp for heating and cooling, 
which are applied in the developed model in order to 
simulate two different enthalpy curves for the PCM for 
melting and solidification, are plotted in figure 7. 
The experimental and fitted curves of enthalpy as a 
function of temperature are reported in figure 8, with 
reference state of h=0 at t= 30°C. 
The experimental tests were carried out in a facility located 
at ZAE Bayern. The tests are part of a large experimental 
campaign devoted to evaluate the performances of insulation 
layers: a series of preliminary tests, with a specific profile of 
temperature in time, was planned, for each material, to detect 
the enthalpy curves, as a function of temperature, in the 




Figure 8. Enthalpy of PCMs Energain® board 
4. NUMERICAL MODEL:  
 
 
Figure 9. Thermal model of the wall with PCMs 
 
This model has been enhanced to include PCMs, at 
different positions, as a layer within the wall construction. 
The thermal properties of PCMs materials are strongly 
dependent on temperature and, in particular, they are 
different in heating and cooling conditions. 
A lumped parameter approach is used to the developed 
model for each layer of the wall, which is sketched in figure 
9. It corresponds to a differential equation system and the 
system is solved using Matlab Simulink® [26, 27].  
In addition, solar radiation and radiation heat transfer, back 
and forth the surroundings, are computed only for the nodes 
that represent the temperature of the internal and of the 
external surfaces, Text-wall, and Tin [13].  
5. DEFINITION OF WALLS STRATIGRAPHY 
In order to evaluate the performance of PCMs in peripheral 
walls, five walls with different PCMs positions are 
considered. The main hypotheses, which has been utilized to 
solve the mathematical model, are reported hereafter. The 
inside air is supposed to be maintained at a constant 
temperature of 22°C. The outside temperatures are varied in 
accordance with external weather temperature and the solar 
radiation is imposed as a boundary condition.  
The external light wall, without PCMs, is a sandwich made 
of three layers: the first and the third one consists of 20mm of 
wood, while the intermediate one is a 100mm thick insulating 
layer. An Energain® PCMs board, 5mm thick, is added as a 
further intermediate layer at different positions. Figure 10 
presents the layout of five different configurations of the 
modeled wall.  
 
 
Figure 10. Layout of walls: reference wall (a), with PCMs in 
position 1 (b), position 2 (c), position 3 (d), position 4 (e), 
position 5 (f) 
6. RESULT AND DISCUSSION: 
The developed model calculated the energy consumption 
of a multilayer wall with a layer of thermal storage panel, 
DuPontTM Energain®, and the results were compared with 
the wall without Energain®, considering solar radiation. In 
addition, some other considerations are drawn about the 
impact of solar radiation in the model. Figures 11 shows the 
percentage of energy reduction for different positions of 
PCMs in summer. The calculation was accomplished for 
distinct PCMs, characterized by different melting point 





                                        (19) 
 
The maximum effect takes place in the hotter months of 
summer, especially in August, and the most effective location 
for PCMs is position 3, because the variation of the external 
temperature induces variations of the temperature of the layer 
with PCMs that are close to their phase change temperature, 
and consequently PCMs act more efficiently. Furthermore, 
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using PCMs through the first position does not cause a 
significant reduction of energy consumption. On the other 
hand, it is possible to see that the effect of energy saving is 
strictly linked to the capability of storing and shaving the 
peaks of solar thermal load. In fact the results of the 
simulations without solar radiation show that PCMs often 










Figure 11. % Reduction of energy consumption, Tm=22°C 
(a), Tm=23°C (b), Tm=24°C (c) 
 
Figure 11 (b) illustrates the percent reduction of energy 
consumption with the melting temperature of 23°C, for five 
different positions of PCMs insulation layer in summer. This 
graph clearly shows that the position 3 is the best selection 
between July to September.  
The maximum effect of reduction of energy consumption is 
about 60% and it takes places in August with PCMs located 
in position three regarding figure 10 (d). In addition, chart (c) 
shows that good results can be obtained with the PCMs layer 
located in the position 2 or 4. 
Looking at figure 11, in August, one can observe that a 
proper selection of the melting temperature has a significant 
impact in reducing energy consumption. 
The percent effect of solar radiation on the energy 




It shows the effect of solar radiation on energy 
consumption using PCMs with melting temperature of 22, 23 
and 24°C. 
It is easy to appreciate the large impact that the use of 
PCMs has on energy savings. 
There is a clear evidence of the effect that PCMs insulation 
layers exploit to generate a reduction of the energy 
consumption: it is possible noticing that the presence of the 
PCMs results in a growth of energy saving, which is large in 
presence of solar radiation and small or absent when the wall 
is not exposed to solar radiation. The benefits of PCMs are 








Figure 12. % Effect of solar radiation on energy 





                                       (20) 
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of solar heat loads and make them available, later. This effect 
is even more marked when PCMs are properly located inside 
of the wall. The lower effect on energy savings has been 
found with PCMs located in position 1 or 5, located afar from 
the middle part of the wall, and this is due to the oscillations 
of the mean daily temperature, which keeps the PCMs out of 
their phase change temperature range. 
Figure 12(b) displays the effect of solar radiation on the 
energy consumption using PCMs with the melting 
temperature of 23°C. In this case, it is possible to see that 
even though the maximum duration of monthly insolation is 
in July, the maximum of energy saving occurs in August, as 
shown in figure 12(b), because the mean monthly 
temperature in August is higher and the PCMs layer works in 
better conditions. Finally, the maximum effect of solar 
radiation on energy consumption, in case of PCMs with 
melting temperature 24°C, is obtained with the insulation 
layer located  in position 3 (Figure 12(c)).  
In addition, in July and August, locating PCMs at one of 
the exterior positions of the wall, from 3 to 5, generates a 
reduction about 12% of the consumption with respect to 
placing it at position 1 or 2, while there is not any appreciable 
difference during May and June. 
6. CONCLUSIONS 
This paper deals with the evaluation of heat consumption, 
due to heat transfer through a South oriented plane wall, in 
unsteady condition.  The effect of a DuPontTM Energain® 
insulation layer, located in five different positions, exposed 
to solar radiation, in a European site, was studied.  
Solar radiation is the most mutable environmental 
condition, among the ones that determine the daily variations 
of heat transfer in buildings. For this reason, a procedure 
devoted to the calculation of solar radiation, based on the 
apparent solar angles, has been included in the model used in 
this work: the effect of the solar radiation has been 
considered as a time-dependent thermal source at the 
boundary. Furthermore, this model includes an algorithm that 
split the total radiation on the horizontal surface into the 
direct and the diffuse ones, in order to correctly calculate the 
solar radiation on arbitrarily oriented surfaces. Thus, it has 
been possible to use the climatic data, such as temperature, 
humidity and solar radiation, which have been gathered from 
one of the several free-access databases that do not report 
detailed data about the two distinct contributions of the solar 
radiation. 
In this way, it has been possible to point out the effects of 
the fluctuation of the solar radiation from the effects of the 
daily oscillation of temperature and to estimate, as a 
reference, the heat consumption with no solar gain. 
The results confirm that the utilization of an insulation 
layer with PCMs could provide the major reduction of the 
heat loads when their intensity is more fluctuating and 
variable.  This condition occurs in summer and particularly in 
August because of the combined effects of the solar radiation 
intensity and the ones that are caused by the amplitude of the 
external temperature variations. This paper shows that layers 
with PCMs are more effective when their temperature 
variations are close to the phase change temperature, which, 
for this case, it was obtained with PCMs with the melting 
temperature of 22°C located in position three (middle of the 
wall). Results showed that insulation layer with PCMs could 
lead to energy savings up to 75% of the heat load through 
opaque walls and that these savings are higher when the 
duration of solar radiation is longer, whereas lower effects, if 
any, were found in absence of solar radiation. 
Finally, the comprehensive analysis of the energy savings 
led the authors to conclude that the effectiveness of the 
insulation layer with embedded PCMs depends on the 
complex combination of coupled effects, that are the 
amplitude of external temperature oscillations combined with 
the layer location, in the wall, and the coupling between the 
mean external temperature to the phase change temperature 
of PCMs. 
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Coefficients of the cp equation 
Surface area 
apparent solar radiation 
atmospheric extinction coefficient 
sky diffuse factor 
clearness number 
equation of time 
Solar hour angle 
Irradiance 
Latitude angle 









surface-solar azimuth angle 
Sun declination angle 
incidence angle 
surface tilt angle from the horizontal  
solar azimuth angle 
surface azimuth angle 
ground reflectivity 
 
 
 
Direct 
diffuse 
external wall 
i-th section 
inside 
local 
melting 
reflected 
standard 
total 
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